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ARTICLE OPEN
Dynamics of coarse and ﬁne particle exposure in transport
microenvironments
Prashant Kumar 1, Ioar Rivas1, Anant Pratap Singh1,2, Vikas Julius Ganesh1,3, Monirupa Ananya1,3 and H. Christopher Frey4
A signiﬁcant fraction of daily personal exposure to air pollutants occurs during commuting in transport microenvironments (TMEs).
We carried out systematic mobile monitoring on a pre-deﬁned route to assess personal exposure levels of particulate matter (PM) in
four TMEs (bus, car, cycle and walk). Measurements were made during morning peak (MP), afternoon off-peak (OP) and evening
peak (EP) hours in a typical UK town, Guildford. The objectives were to quantify the real-time exposure to ﬁne and coarse particles,
identify the factors inﬂuencing their spatiotemporal variation and estimate the respiratory deposition doses (RDD). The mean PM10
concentrations were 90 ± 63, 23 ± 9, 14 ± 17 and 63 ± 76 μgm−3 for bus, car, cycle and walk modes, respectively. The average ratios
of PM2.5/PM10 were 0.32, 0.90, 0.67 and 0.36 for bus, car, cycle and car journeys, respectively. The mean concentrations of coarse
particles (PM2.5-10) followed the trend: bus > walk > cycle > car. In contrast, mean concentrations of submicron (PM1) and ﬁne
particles (PM2.5) were usually high in the car while lowest for cyclists. RDD depend on the physical activity, particle size distribution
and thus deposited fraction are not always proportional to the ambient concentration. RDD for coarse particles were largest for the
walk mode (56 ± 14 μg h−1), followed by buses (31 ± 2 μg h−1), cycle (12 ± 3 μg h−1) and cars (1.2 ± 0.3 μg h−1). The corresponding
RDD of ﬁne particles were comparable for both walk (5.5 ± 0.3 μg h−1) and cycle (5.1 ± 1.2 μg h−1), followed by bus (4.1 ± 0.7 μg h−1)
and car (2.0 ± 0.2 μg h−1). Car mode experienced both the least concentrations and RDD for coarse particles. It also had the lowest
RDD for ﬁne particles despite high concentrations. Physical activity of car commuters is modest compared with walking and cycling,
which makes the rank ordering of RDD different than those of exposure concentrations. Hence the management of commuting
exposures should consider potential dose and not just exposure concentration for curtailing adverse health effects related to
commuting. RDD for pedestrian and cycle modes were not the lowest among the measured modes but opportunities such as an
increased distance between the heavily trafﬁcked roadways and pedestrians/cyclists should be considered in urban planning to
reduce potential doses.
npj Climate and Atmospheric Science  (2018) 1:11 ; doi:10.1038/s41612-018-0023-y
INTRODUCTION
Road vehicles are by far the main contributors to air pollution in
cities.1,2 Most metropolitan cities around the world experience
periods of elevated pollutant levels, which surpass various
international air quality standards.3,4 Vehicular emissions occur
close to the ground level where both vehicles and urban
commuters co-exist.5 Commuting in urban environments leads
to high exposure to air pollutants.6 Commuting exposures depend
on the choice of transport mode, time of day, route and fuel
type.7,8 Furthermore, particulate matter (PM) concentrations inside
the vehicle vary differently to those in outdoor ambient
environments.9,10 Therefore, controlling commuting exposure is
challenging, particularly in highly populated and polluted cities.
The ambient concentrations of airborne particles with aero-
dynamic diameter ≤ 10 µm (PM10) and ≤2.5 µm (PM2.5) are
regulated through ambient air quality standards. PM2.5 are ﬁne
particles that also include the fraction of particles below 1 µm (i.e.,
PM1). Particles between 2.5 and 10 µm (PM2.5-10) are coarse
particles.11 Contributions to coarse and ﬁne particles come from
different sources. Some portion of each size range is from primary
emissions while other portions are secondary particles that are
formed in the atmosphere, including secondary organic aerosols
that can be traced to volatile organic carbon emissions from
vehicles.12 Coarse particles are usually dominated by non-exhaust
sources such as road abrasion, brake and tyre wear while ﬁne
particles mainly come from fuel combustion in engines.13,14
The association between trafﬁc-related air pollution and human
health is well documented from both epidemiological and
toxicological studies.15,16 Epidemiological studies have found
signiﬁcant associations between exposure to airborne particles
and cardiovascular and respiratory diseases.17–19 Ambient PM has
been ranked as the ninth risk factor for global burden of disease20
and classiﬁed as group 1 carcinogenic to humans.21
Exposure is the contact of a pollutant with the outer boundary
of the body. Exposure takes into account the concentration of a
pollutant in the air at the point of contact with a person. Exposure
assessment also takes into account the frequency and duration of
contact, such as travel time. However, the health risk from
exposure also depends on how much pollution penetrates into
the body. For example, breathing rates while walking or cycling
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are likely to be considerably greater than those in-car or bus due
to the higher level of physical activity.22 Respiratory lung
deposition doses (RDD) are therefore better indices than merely
exposure concentration for assessing health risk and their relative
comparison during different modes of commuting. Past studies
afﬁrm such a deposition to be three or more times greater under
moderate activity than when at rest.23
Because on-road and roadside pollutant concentrations can be
high during peak periods, commuters may gain a signiﬁcant
proportion of their daily pollutant exposure when in trafﬁc even
though such individuals travel for no more than 6–8% of the daily
time.24 PM concentration usually peaks during the morning
commuting hours because of lower mixing height coupled with
peak trafﬁc volume. Congestion increases in-vehicle exposure
duration and is associated with emissions hotspots related to
repeated vehicle accelerations.6,25–28 For instance, as little as 2% of
commuting time spent in the car at trafﬁc intersections can
contribute as high as ~25% of total commuting exposure in
certain situations.10
Active transport (cycling and walking) is beneﬁcial to health due
to increased physical activity. However, it is also associated with
increased inhalation rate due to physical activity, which increases
RDD.29 For example, even though some cyclists experience low
concentrations of PM, they have signiﬁcant potential dose when
inhalation rates and trip duration are taken into consideration.30
Proximity to motorised trafﬁc is associated with higher cyclist
exposure concentrations.31,32 Moreover, PM exposures for pedes-
trians and cyclists are higher on high-trafﬁc routes than on low-
trafﬁc routes.33,34 Nonetheless, contemporary studies have found
that the health beneﬁts of walking and cycling outweigh the
negative consequences and, hence, should be encouraged.35
A number of studies have assessed the air pollution exposure of
urban dwellers under different transport microenvironments
(TMEs) such as cars,10,36,37 buses,38,39 trains40–42 and cycles.43,44
Particles of different sizes originate from different sources. Thus,
being able to apportion exposures by particle size in different
TMEs can be helpful in targeting exposure mitigation to those
sources that are the most inﬂuential. Furthermore, there are few
evaluations of exposure apportionment to particles in transport
modes based on particle size, as seen from the summary of
relevant studies in Table 1. In addition, exposure estimate
databases for TMEs are yet inadequate. Findings of the current
study could beneﬁt in validating exposure models, evaluating the
risk–beneﬁt of active physical activity modes (e.g., walk and
cycle)35 and developing strategies to control the dominant factors
for increased exposure in various TMEs.
Quantiﬁcation of personal exposure to different PM fractions in
different transport modes is therefore an essential ﬁrst step
towards identifying the most effective strategies for reducing
exposure. Towards this broader goal, we carried out a systematic
investigation of exposure concentrations and RDD for four
transport modes (bus, car, cycle and walk). The objectives were
to (i) compare ﬁne and coarse particle exposure concentrations
among transport modes and for different times of day; (ii) assess
the real-time RDD of ﬁne and coarse particles during peak and off-
peak (OP) periods; and (iii) identify the factors that inﬂuence the
temporal variability of particles in different TMEs.
RESULTS
Overall PM concentration during mobile measurements
Figure 1 shows the concentrations of PM size fractions in four
commuting modes, with Table 2 showing their detailed summary.
The widest range of variability in PM10 mass concentrations was
observed during walk mode (1.2‒975 μgm−3), followed by cycle
(1.4‒899 μgm−3), buses (2.6‒717 μgm−3) and car (6.9‒169 μg
m−3). Irrespective of the time of the day, average PM10
concentrations have the following trend: buses > walk > car >
cycle (Table 2).
Average ﬁne and coarse particles have a different trend (Fig. 1).
For ﬁne particles, the trend in average concentration was bus >
car > walk > cycle (Fig. 2). Fine particles in the bus and walk modes
were time-dependent. For example, concentrations were lower for
walk mode than for buses during the morning peak (MP) and
evening peak (EP) periods, whereas higher concentrations in walk
mode during the OP period. PM1 was always highest for car mode
and lowest for cycle mode. The concentration trend of PM1 in the
bus and walk modes was similar to that of PM2.5. For coarse
particles, the trend was bus > walk > cycle > car (Fig. 2). Besides
the inﬁltration through the bus envelope and, especially, the
entrance of outdoor particles during the natural ventilation
periods when the doors were open, the highest concentrations
in buses may also be affected by high rates of re-suspension of
particles due to inﬂow and outﬂow of travellers at bus
stops.27,34,42,45 Concentrations of coarse particles in the car mode
were comparable during the MP, OP and EP periods (Fig. 2). The
ratio of in-cabin to ambient particles is a function of whether
windows are open, and, if windows are closed, whether air is
recirculated or there is fresh air intake from the heating,
ventilation, and air conditioning (HVAC) system.10,46 The lowest
concentrations in the car with respect to the rest of modes could
be explained by the hindered entrance of outdoor sourced
pollutants to the cabin owing to the closed windows. Therefore,
inﬁltration of outdoor particles was expected to be low. Natural
ventilation was absent, but mechanical ventilation was forced
through the activation of air conditioning. Besides the hindered
inﬁltration by closed windows, the lowest concentrations in the
car could also be explained by an efﬁcient removal of coarse
particles compared with ﬁne particles by the air conditioning
ﬁltration system.23,37 However, the low concentrations observed in
the cycle mode, even less than the walk mode, could be
attributable to forced de-routing on some occasions from busy
trafﬁc to quiet areas due to roads work during some runs. In
addition, the concentrations usually decay exponentially with
height in near-road environments,47,48 the relatively higher
sampling height during cycle measurements may have made
some contributions to the differences. The differences in
meteorological conditions and trafﬁc volume were trivial during
the walk (February/March) and cycle (March/April) measurements
and hence a modest effect of dispersion conditions could be
expected to contribute to concentration differences.
Comparison of the concentrations during different time periods
revealed that the PM1 and PM2.5 concentrations exhibited a similar
trend in each mode: EP >MP > OP in bus and cycle modes; MP >
EP > OP in car; and MP > OP > EP in walk mode (Table 2). The trend
for coarse particles was different in all modes: MP > EP > OP in bus;
MP > EP ≈OP in cycle; EP ≈OP >MP in car; and EP > OP >MP in
walk mode. Despite high trafﬁc volume, previous studies have
shown lower coarse particles in comparison with ﬁne particles
during morning periods during the walk, owing to the wetness of
pavement due to overnight dew.49 The walk and car modes
followed a similar trend; EP periods had higher concentrations of
coarse particles than those in MP and OP periods (Table 2). The
bus and cycle modes showed an opposite trend with higher
concentrations of coarse particles during MP and EP compared
with OP periods (Table 2), presumably because of high re-
suspension in these TMEs. Fine particle concentrations were
always lower in all modes during OP versus MP and EP periods.
These lower concentrations could be attributed to lower trafﬁc
volume during OP periods and relatively better dispersion
conditions compared with EP/MP periods.47
Dynamics of coarse and ﬁne particle exposure
P Kumar et al.
2
npj Climate and Atmospheric Science (2018)  11 Published in partnership with CECCR at King Abdulaziz University
1
2
3
4
5
6
7
8
9
0
()
:,;
Ta
bl
e
1.
Su
m
m
ar
y
o
f
re
le
va
n
t
p
as
t
st
u
d
ie
s
as
se
ss
in
g
va
ri
o
u
s
m
o
d
es
o
f
tr
av
el
St
u
d
y
ty
p
e
C
it
y
(c
o
u
n
tr
y)
O
b
se
rv
ed
m
o
d
es
Po
llu
ta
n
ts
m
ea
su
re
d
R
ef
er
en
ce
C
o
m
p
ar
is
o
n
o
f
ex
p
o
se
d
le
ve
ls
o
f
ai
r
p
o
llu
ta
n
ts
w
h
ile
co
m
m
u
ti
n
g
in
d
iff
er
en
t
tr
an
sp
o
rt
m
ic
ro
en
vi
ro
n
m
en
ts
Lo
n
d
o
n
(U
K
)
C
ar
,b
u
s
an
d
u
n
d
er
g
ro
u
n
d
U
lt
ra
ﬁ
n
e
p
ar
ti
cl
es
,B
C
,P
M
1
,P
M
2
.5
an
d
PM
1
0
R
iv
as
et
al
.4
2
M
ea
su
re
m
en
ts
o
f
PM
2
.5
in
va
ri
o
u
s
tr
av
el
m
o
d
es
H
o
n
g
K
o
n
g
(C
h
in
a)
M
in
ib
u
s,
d
o
u
b
le
-d
ec
ke
r
b
u
s
an
d
m
et
ro
tr
ai
n
PM
2
.5
Li
et
al
.6
5
M
ea
su
re
m
en
ts
o
f
PM
2
.5
an
d
C
O
in
d
iff
er
en
t
tr
av
el
m
o
d
es
H
o
n
g
K
o
n
g
(C
h
in
a)
M
in
ib
u
s,
d
o
u
b
le
-d
ec
ke
r
b
u
s,
p
ed
es
tr
ia
n
,
tr
am
an
d
m
et
ro
tr
ai
n
PM
2
.5
,C
O
C
h
e
et
al
.6
6
Le
ve
ls
an
d
d
ep
o
si
ti
o
n
d
o
se
o
f
ﬁ
n
e
an
d
co
ar
se
p
ar
ti
cl
es
at
an
d
ar
o
u
n
d
si
g
n
al
is
ed
tr
af
ﬁ
c
in
te
rs
ec
ti
o
n
s
G
u
ild
fo
rd
(U
K
)
C
ar
PM
1
,P
M
2
.5
,P
M
1
0
K
u
m
ar
an
d
G
o
el
3
7
C
o
m
p
ar
is
o
n
o
f
PM
in
h
al
at
io
n
fo
r
u
se
rs
o
f
d
iff
er
en
t
tr
an
sp
o
rt
m
o
d
es
Li
sb
o
n
(P
o
rt
u
g
al
)
W
al
ki
n
g
,t
ra
in
,b
u
s,
m
in
ib
u
s,
tr
am
an
d
su
b
w
ay
PM
1
0
,P
M
2
.5
R
am
o
s
et
al
.5
7
O
n
-r
o
ad
p
o
llu
ti
o
n
ex
p
o
su
re
in
m
u
lt
ip
le
tr
av
el
m
o
d
es
N
ew
D
el
h
i
(In
d
ia
)
W
al
ki
n
g
,c
yc
le
,m
o
to
ri
se
d
tw
o
-w
h
ee
le
r,
ca
r,
au
to
ri
ck
sh
aw
,b
u
s
an
d
m
et
ro
PM
2
.5
G
o
el
et
al
.5
2
U
rb
an
ai
r
q
u
al
it
y
in
d
iff
er
en
t
co
m
m
u
ti
n
g
m
o
d
es
B
ar
ce
lo
n
a
(S
p
ai
n
)
B
u
s,
u
n
d
er
g
ro
u
n
d
,
tr
am
an
d
w
al
k
B
C
,C
O
,C
O
2
,p
ar
ti
cl
e
n
u
m
b
er
co
n
ce
n
tr
at
io
n
,m
et
al
s
M
o
re
n
o
et
al
.2
7
Pe
rs
o
n
al
ex
p
o
su
re
to
b
la
ck
ca
rb
o
n
d
u
ri
n
g
co
m
m
u
ti
n
g
in
p
ea
k
an
d
o
ff
-p
ea
k
h
o
u
rs
Sh
an
g
h
ai
(C
h
in
a)
Su
b
w
ay
,c
ar
,b
u
s,
cy
cl
e
an
d
w
al
ki
n
g
B
la
ck
ca
rb
o
n
(B
C
)
Li
et
al
.6
7
Ef
fe
ct
s
o
f
co
m
m
u
ti
n
g
m
o
d
e
o
n
ai
r
p
o
llu
ti
o
n
ex
p
o
su
re
an
d
ca
rd
io
va
sc
u
la
r
h
ea
lt
h
am
o
n
g
yo
u
n
g
ad
u
lt
s
Ta
ip
ei
(T
ai
w
an
)
Su
b
w
ay
,g
as
-p
o
w
er
ed
b
u
s,
a
g
as
o
lin
e-
p
o
w
er
ed
ca
r
an
d
w
al
ki
n
g
PM
2
.5
Li
u
et
al
.6
8
C
o
m
p
ar
is
o
n
o
f
ex
p
o
se
d
ﬁ
n
e
p
ar
ti
cl
es
an
d
C
O
in
tr
an
sp
o
rt
at
io
n
m
o
d
es
R
al
ei
g
h
(U
SA
)
W
al
k,
b
u
s
an
d
ca
r
PM
2
.5
,C
O
Ji
ao
an
d
Fr
ey
6
9
U
lt
ra
ﬁ
n
e
p
ar
ti
cl
e
ex
p
o
su
re
s
w
h
ile
w
al
ki
n
g
,c
yc
lin
g
an
d
d
ri
vi
n
g
al
o
n
g
an
u
rb
an
re
si
d
en
ti
al
ro
ad
w
ay
C
al
ifo
rn
ia
(U
SA
)
W
al
ki
n
g
,c
yc
le
an
d
ca
r
U
lt
ra
ﬁ
n
e
p
ar
ti
cl
es
,P
M
2
.5
Q
u
ir
o
s
et
al
.7
0
Va
ri
at
io
n
s
in
ex
p
o
su
re
to
tr
af
ﬁ
c
p
o
llu
ti
o
n
w
h
ile
tr
av
el
lin
g
b
y
d
iff
er
en
t
m
o
d
es
in
a
lo
w
-d
en
si
ty
,l
es
s-
co
n
g
es
te
d
ci
ty
C
h
ri
st
ch
u
rc
h
(N
ew
Z
ea
la
n
d
)
B
u
s,
ca
r,
cy
cl
e
o
ff
-r
o
ad
an
d
cy
cl
e
o
n
-r
o
ad
PM
1
0
,P
M
2
.5
,
PM
1
,
u
lt
ra
ﬁ
n
e
p
ar
ti
cl
es
K
in
g
h
am
et
al
.7
1
A
tr
av
el
m
o
d
e
co
m
p
ar
is
o
n
o
f
co
m
m
u
te
rs
’
ex
p
o
su
re
to
ai
r
p
o
llu
ta
n
ts
B
ar
ce
lo
n
a
(S
p
ai
n
)
W
al
ki
n
g
,b
ik
e,
b
u
s
an
d
ca
r
B
C
,u
lt
ra
ﬁ
n
e
p
ar
ti
cl
es
,C
O
,C
O
2
,P
M
2
.5
d
e
N
az
el
le
et
al
.8
C
o
m
p
ar
is
o
n
s
o
f
p
er
so
n
al
ex
p
o
su
re
b
y
d
iff
er
en
t
co
m
m
u
ti
n
g
m
o
d
es
B
ei
jin
g
(C
h
in
a)
Ta
xi
,b
u
s
an
d
cy
cl
e
PM
2
.5
H
u
an
g
et
al
.3
0
Ex
p
o
su
re
to
PM
in
co
m
m
o
n
tr
av
el
m
o
d
es
Sh
an
g
h
ai
(C
h
in
a)
B
u
s,
w
al
ki
n
g
,c
yc
le
,t
ax
i
an
d
su
b
w
ay
PM
1
Yu
et
al
.7
2
A
ir
p
o
llu
ti
o
n
an
d
ac
ti
vi
ty
d
u
ri
n
g
tr
an
sp
o
rt
at
io
n
N
ew
Yo
rk
(U
SA
)
C
ar
,s
u
b
w
ay
an
d
w
al
k
PM
2
.5
H
EI
1
Ef
fe
ct
s
o
f
tr
av
el
m
o
d
e
o
n
ex
p
o
su
re
s
to
p
ar
ti
cu
la
te
ai
r
p
o
llu
ti
o
n
Lo
n
d
o
n
(U
K
)
C
ar
an
d
w
al
ki
n
g
PM
1
0
,P
M
2
.5
–
1
0
,P
M
2
.5
,P
M
2
.5
–
1
0
an
d
PM
1
,u
lt
ra
ﬁ
n
e
p
ar
ti
cl
es
B
ri
g
g
s
et
al
.2
3
Pe
rs
o
n
al
ex
p
o
su
re
to
u
lt
ra
ﬁ
n
e
an
d
ﬁ
n
e
p
ar
ti
cl
es
an
d
C
O
in
C
en
tr
al
Lo
n
d
o
n
Lo
n
d
o
n
(U
K
)
W
al
k,
cy
cl
e,
b
u
s,
ca
r
an
d
ta
xi
U
lt
ra
ﬁ
n
e
p
ar
ti
cl
es
,P
M
2
.5
,C
O
K
au
r
et
al
.5
1
Pe
rs
o
n
al
ex
p
o
su
re
to
PM
co
m
p
ar
is
o
n
s
in
tr
av
el
m
o
d
es
N
o
rt
h
am
p
to
n
(U
K
)
C
ar
an
d
w
al
ki
n
g
PM
1
0
,P
M
2
.5
,P
M
1
G
u
lli
ve
r
an
d
B
ri
g
g
s4
5
Ex
p
o
su
re
le
ve
l
o
f
p
ar
ti
cu
la
te
m
at
te
r
in
p
u
b
lic
tr
an
sp
o
rt
at
io
n
m
o
d
es
w
h
ile
co
m
m
u
ti
n
g
in
u
rb
an
ar
ea
s
G
u
an
g
zh
o
u
(C
h
in
a)
Su
b
w
ay
,b
u
s
an
d
ta
xi
PM
1
0
,P
M
2
.5
C
h
an
et
al
.7
3
Fi
n
e
p
ar
ti
cl
e
ex
p
o
su
re
le
ve
ls
in
tr
an
sp
o
rt
m
ic
ro
en
vi
ro
n
m
en
ts
Lo
n
d
o
n
(U
K
)
C
yc
le
,b
u
s,
ca
r
an
d
u
n
d
er
g
ro
u
n
d
PM
2
.5
A
d
am
s
et
al
.7
4
C
o
m
m
u
te
r
ex
p
o
su
re
to
re
sp
ir
ab
le
p
ar
ti
cl
es
in
si
d
e
b
u
se
s
an
d
b
y
cy
cl
e
M
an
ch
es
te
r
(U
K
)
B
u
s
an
d
cy
cl
e
PM
4
G
ee
an
d
R
ap
er
7
5
Dynamics of coarse and ﬁne particle exposure
P Kumar et al.
3
Published in partnership with CECCR at King Abdulaziz University npj Climate and Atmospheric Science (2018)  11 
Fractional contributions of different-sized PM in TMEs
The absolute and fractional contributions of different-sized PM in
studied TMEs are shown in Fig. 3a, b. The average total PM mass
concentrations, based on the sum of PM1, PM1-2.5 and PM2.5-10 size
ranges, are clearly greater for bus and walk modes than for car
and cycle modes. However, the bus and walk mode total
concentrations are dominated by the larger PM2.5-10 size fraction.
The fraction of particles that penetrate to the bronchioles and
Table 2. Descriptive statistics for each of the modes of travel by time
span and overall; MP, OP and EP refer to morning peak, midday off-
peak and evening peak, respectively
Mode Time of Day PM10 PM2.5 PM1
Mean (SD) Mean (SD) Mean (SD)
Bus MP 93 (78) 29 (19) 18 (11)
OP 79 (51) 18 (10) 9 (5)
EP 115 (61) 53 (31) 35 (18)
Car MP 33 (8) 32 (7) 31 (7)
OP 29 (13) 27 (11) 26 (11)
EP 31 (16) 28 (15) 28 (15)
Cycle MP 15 (17) 10 (7) 7 (6)
OP 12 (20) 8 (9) 5 (6)
EP 14 (13) 10 (4) 8 (3)
Walk MP 72 (124) 25 (22) 18 (16)
OP 73 (102) 24 (18) 17 (16)
EP 50 (65) 20 (18) 14 (18)
All the decimal values have been round off to whole numbers
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alveoli is smaller for the larger-sized particles. The smaller-sized
particles, such as PM1 and PM1-2.5, are therefore typically of more
health concern. In this regard, the bus, car and walk modes are
approximately similar, with PM2.5 mass concentrations ranging
from approximately 20 to 40 μgm–3, depending on the time of
day. There is less variability by time of day for the car and walk
modes than for the bus mode. The cycle mode clearly has lower
total PM and PM2.5 mass concentrations than any other mode,
regardless of time of day. The car and cycle modes have a
relatively little total mass contribution from coarse particles.
The PM1/PM2.5 ratio was nearly identical (≈0.73) for cycle and
walk modes. Usually smaller the size of particles, more risk such
particles poses to human health. About two-third of PM2.5 being
PM1 clearly suggest exposure to such high health-damaging
particles. The similarity in the particle size fractions coupled with
the differences in exposure concentration implies that the cyclists
were exposed to more diluted particles than were the pedestrians.
However, the PM2.5/PM10 ratio of the cycle mode (0.68 ± 0.04) was
different from the walk mode (0.37 ± 0.04; Fig. 3b). The coarse
particles, predominantly resulting from re-suspension of dust and
tyre wear37 in near-road environments, contain larger settling
velocity compared with their smaller counterparts. A distinct
reasoning was unavailable but the differences in height of
measurements may have partly attributed to higher coarse PM
exposure to pedestrians versus cyclists.
Fine particles dominate (PM2.5/PM10 ≈ 90%) the PM concentra-
tions in car mode. The windows were closed (low inﬁltration) and
air conditioning system was on (removing more efﬁciently coarse
particles) during our car measurements (Description of travel
modes). Coarse particles are more efﬁciently ﬁltered out by the air
conditioning system of the car compared to ﬁne particles,23,42,50
explaining the relatively low fraction of coarse particles inside the
car.
Normalised PM mass concentrations
We normalised the MP, OP and EP concentrations measured on
cycle, car and bus modes with respect to those observed in the
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walk mode to assess differences between the transport modes.
PM10, PM2.5-10, PM2.5 and PM1 concentrations were signiﬁcantly
lower for cycle mode compared to the walk mode (Fig. 4). In the
car mode, during all three observation periods (i.e., MP, OP and
EP), the total PM10 and coarse particles concentrations were low,
but the average concentrations of ﬁne and submicron (PM1)
particles were higher compared to walk mode (Fig. 4). In this
regard, commuting in cars could be more harmful than by walk
from the viewpoint of exposure to ﬁne and PM1, which can
penetrate deeper into the bronchiole and alveoli regions and
cause adverse health effects. Compared to walk, bus concentra-
tions were approximately comparable for all size ranges for OP
and approximately twice as high for EP, with MP values closer to
OP than EP.
As compared to the walk mode higher levels of coarse particles
were observed in the buses, while higher concentrations of ﬁne
and submicron particles were observed in the cars and, some-
times, also in the buses. The cycle mode had the lowest average
levels of PM1, PM2.5 and PM10. Fine particle abundance in vehicle
modes, including car and bus, compared to walk mode is
consistent with earlier observations of a higher in-vehicle versus
walk exposure concentrations in Central London.51 However, the
ﬁne particle concentration ratio for cycle versus walk mode of only
0.41 is much lower than a ratio of 1.2 reported from Central
London, presumably due to street canyon effects compared with
mostly open road conditions in our study.51 In the highly polluted
city of Delhi (India), the mass ratios of ﬁne particles between
modes were 1.5 for cycle-to-walk, 0.3 for car-to-walk and 0.9 for
bus-to-walk.52
Concentrations of PM2.5-10 as compared to PM2.5 were relatively
high in the bus and walk modes (SI Fig S3). The average mass
concentration ratio of PM2.5-10/PM2.5 in bus mode varied from 1.6
to 3.0, whereas in walk mode it ranged from 1.4 to 2.0, as high as
by a factor of 2 to 3 (SI Fig S3). Conversely, PM2.5 predominates in
the car and cycle modes: PM2.5-10/PM2.5 in cars ranged from 0.05
to 0.1 (i.e., 5 to 10% of ﬁne particles), whereas it varied from ~0.4
to 0.55 on cycle mode (i.e., 40 to 55%). Re-suspension effect
appears to be the main cause for elevated levels of coarse
particles in the bus and in walk modes.
Exposure assessment
RDD account for differences in physical activity and the time spent
in a microenvironment.53,54 We estimated RDD for both ﬁne and
coarse particles using inhalation rates for males (Fig. 5) and
females (SI Fig S4). Since the trend of results for male and female
RDD are similar, the discussion in the subsequent text are valid for
both genders. Here we only refer to male doses in the discussion
for the brevity reasons. The RDD for coarse particles (Fig. 5a) were
the highest during the walk mode, with mean RDD ranging from
40 to 66 μg h−1 among the MP, OP and EP periods. These were
followed by buses (28‒32 μg h−1), cycle (10‒15 μg h−1) and cars
(0.8‒1.3 μg h−1). However, ﬁne particle-based RDD were compar-
able for walk (5‒6 μg h−1) and cycle (4‒6.5 μg h−1) and were
higher than for bus (3.5‒5 μg h−1) and car (1.8‒2 μg h−1) modes.
The ﬁne particle-based RDD for walk mode were comparable to
that reported by Kumar and Goel37 for the same study area (7 μg
h−1). Likewise, Rivas et al.42 reported that mean PM2.5-based RDD
decreased when comparing walk to bus and car modes. A
Barcelona-based study also found that walk and cycle modes had
similar RDD, with walk at 6.8 µg h−1 and cycle at 6.7 µg h−1, and
that RDD were lower for bus (5.4 µg h−1) and car (5.6 µg h−1)
modes.8
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Relative to ﬁne particles, the mean RDD for coarse particles
were 8‒12, 6.5‒8.3 and 1.8‒3.7 times higher during walk, bus and
cycle modes, respectively, but only between 0.3 and 0.8 for car
mode. This shows the effect of trafﬁc-related sources such as re-
suspension in the walk, bus and cycle modes while the in-car
exposure to coarse particles is hindered by the closed windows
and the ﬁltration system. The difference in RDD between coarse
and ﬁne particles can be explained by the difference in ﬁne and
coarse PM mass concentrations, particle mean diameter and size-
dependent deposition fractions (DFs).
The RDD were lowest for cars among all modes for both particle
size ranges and for all three time periods. Recently, Rivas et al.42
reported that PM2.5-based RDD follows a similar trend to that
found herein that RDD are the highest for walk (4.9 ± 1.0; 3.7‒6.1
µg h−1) and is smaller for bus (2.7 ± 1.1; 1.9‒4.3 µg h−1) and
smallest for car (1.0 ± 0.2; 0.7‒1.2 µg h−1). A Barcelona study
reported a nearly similar trend when comparing PM2.5-based
average RDD among the modes: walk (6.8 µg h−1) ≈ cycle (6.7 µg
h−1) > bus (5.4 µg h−1) ≈ car (5.6 µg h−1).8 Although cars show the
lowest personal doses among all the transport modes studied, it
should be highlighted that they have the highest emission per
passenger. Therefore, the contribution of private transportation is
actually leading to an increased exposure and dose of those
commuters choosing an environmental-friendly commuting
options such as cycling and walking.
DISCUSSION
The comparison of ﬁne and coarse particles exposure concentra-
tions among transport modes and for different times of day
showed that:
● For coarse particles, exposure concentrations were lower for
cyclists than for pedestrians or occupants of cars or buses, for
all three times of day that were measured. The highest coarse
particle exposures were in buses for all three times of the day.
There was substantial inter-run variability. Many runs are
needed to develop a statistically stable estimate of mean
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exposure concentrations. A higher inﬁltration of outside
pollutants into the buses through the frequent opening of
their doors and accumulation of particles can be attributed to
this trend. A close proximity of pedestrians with the trafﬁc
exhaust emissions and likely re-suspension of mineral dust
particles lead to high coarse particle exposure during walk
mode. The larger-sized particles are likely to be restricted in
car cabins if windows are kept closed to prevent inﬁltration
and by the car ﬁltering system, hence resulting in reduced
exposure concentrations.
● For ﬁne particles, the average concentrations of PM2.5 in
closed transport modes (car and bus) were higher than those
in open active travel modes (cycle and walk) due to their
shorter distance to the source as well as the accumulation of
particles within the vehicles (especially in the car mode, where
ﬁne particles get inside the cabin through mechanical
ventilation by their dispersion is then hindered by the closed
windows). The cycle mode also had the lowest average
concentrations. However, there was more variability in the
rank ordering of exposure among the transport modes based
on time of day. For example, pedestrian exposures were much
lower during the EP than during the MP or OP periods. Bus
exposure concentrations were higher than for other transport
modes in the MP and EP, but lower than for car and
pedestrian in OP. Some of the variability among modes with
regard to time of day may be because of operational factors
(e.g., numbers of passengers boarding and alighting from the
bus), trafﬁc ﬂow, trafﬁc-induced turbulence and mixing of
vehicle-emitted pollutants, and others are related to meteor-
ological factors (e.g., atmospheric stability). The trend in
exposure to PM1 among modes and times of day is usually
similar to that for PM2.5.
The assessment of the real-time RDD of ﬁne and coarse particles
during peak and OP periods showed that:
● Pedestrians are estimated to have the highest RDD for coarse
particles. Cyclists have much lower RDD than pedestrians or
those riding buses, but higher than those in cars. As for ﬁne
particles, RDD are approximately equally high for pedestrians
and cyclists, an approximately 20% higher than for bus
passengers and 2.5 times higher than for car occupants (if
windows are closed and AC is on).
● For coarse particles, the rank ordering of RDD is different than
the rank ordering of exposure concentrations. Pedestrians and
cyclists have higher breathing rates than do occupants of cars
and buses. Thus, even though buses have the highest average
exposure concentrations for all times of day, the highest RDD
are for pedestrians for all times of the day. Similarly, for ﬁne
particles, pedestrians and cyclists have high RDD even though
their exposure concentrations are lower than for the
motorised transport modes.
The identiﬁcation of the factors that inﬂuenced the temporal
variability of particles in different TMEs indicated that:
● Management of commuting exposures should consider
potential dose, such as RDD, and not just exposure
concentration, to help reduce adverse health effects from air
pollution related to commuting.
● Although there is variability in both exposure and RDD with
respect to time of day, the differences in both exposure and
RDD between transport modes tend to be larger than the
differences within a mode related to the time of the day. Thus,
choices of modes to minimise either exposure or RDD can be
relatively robust to the time of the day. For example, for both
coarse and ﬁne particles, the car mode had the lowest RDD for
each of the three measured times of day. However, it is worth
mentioning that private car commutes contribute to the
highest emissions per passenger, thus contributing to
increased exposure of those commuting using cleaner modes
(such as cycle and walk).
● There are sources of variability established in prior work37 that
was not the focus of quantiﬁcation here, such as the role of
opening vehicle windows or operating the vehicle HVAC
system with fresh air intake versus recirculating air. Choices of
these ventilation practices can lead to substantial changes in
bus and car exposure concentration.
● Although RDD for pedestrian and cycle modes were not the
lowest among the four measured modes, there are opportu-
nities to reduce RDD for these modes by reducing exposure
concentrations. Pedestrian and cyclist exposures could be
further reduced by routing pedestrian and cycling paths away
from heavily trafﬁcked roadways. Such a change would
require that urban planning incorporate a goal of separating
pedestrians and cyclists from vehicle trafﬁc when designing
paths and roads.
Our study showed that the exposure concentrations vary
depending on the choice of a mode. Fresh fumes from the
tailpipe emissions result in commuters’ exposure to frequent
transient peaks in near-road environments.12,47 Therefore, further
studies are recommended to estimate the exposure concentra-
tions based on shorter averaging time for speciﬁc segments of the
route, to enable quantiﬁcation of spatial variability in exposure
concentrations. Alternative routes between a particular origin and
destination pair could be measured to assess whether exposure
concentrations in a given mode are sensitive to route choice.
Measurements could also be made in other seasons, such as
summer, to assess seasonal variability. Routes for walk and cycle
could be speciﬁed to keep pedestrians and cyclists as far from
major thoroughfares as possible, to assess by how separation from
trafﬁc could lead to lower exposures. The design of future studies
should consider the micro-assessment of route characteristics
such as getting on/off the buses, effect of de-routing of cyclists or
pedestrians to quieter routes and the effect of sampling heights.
Such studies could also consider quantiﬁcation of metals and
polycyclic aromatic hydrocarbons in aerosol particles to allow risk
assessment due to these toxic species.
METHODS
Route characteristics
TME exposure concentrations were measured in the town of Guildford
(UK). Guildford has a total population of 130 000, is situated 50 km
southwest of London and has a maritime climate. On average, each
household owns about two cars, which is more than the national
average.55 Commuting exposures are compared for four travel modes,
including car, cycle, walk (hereafter referred to as the CCW) and bus
modes, based on strategically selected routes. As shown in Fig. 6, a 5.3 km
route was used for CCW routes, whereas a different 13.8 km route was
selected for the bus mode. The CCW and bus routes have 1.6 km in
common (Fig. 6). The CCW route is shorter than the bus route so that walk
mode can be completed during a peak period. Both routes are circular
closed loops and include a variety of road type and land use patterns.
Description of travel modes
To assess the variability in exposure among different times of the day,
measurements were made during MP (0830‒1100 hours; local time),
afternoon OP (1300‒1500 hours) and EP (1700‒1900 hours). All measure-
ments were made on weekdays. The respective sunrise and sunset times
during the measurement periods were 0538–0740 and 1651–2021 hours,
respectively, with a total day length varying between 0910 and
1441 hours.56 The average trip time to complete a CCW route run by car
was 17min while it was 18min by cycle, and 80min by walk. A single run
on the bus route typically took 50min to complete (Table 3). The
differences in travel time by each of these modes arise because of
differences in speed and route length. The car (model: Vauxhall Corsa SXi,
2014) measurements were performed in trafﬁc and represent typical
driving. During all the runs, the car windows were closed and the air
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conditioning was kept on with air intake from outside. The buses were
mostly fuelled with diesel. In the buses, air conditioning was in use and
windows were closed, except for a partially opened window near the
driver. Table 3 shows the summary of route lengths and travel times for
each mode. Monitoring by cycling and walk modes was performed at
normal cycling and walking speeds.
Instrumentation
A GRIMM optical particle spectrometer (OPC; model 1.107) was used to
measure the mass distribution of PM in the size range from 0.25 to 32 µm
following the principle of light scattering. The lower size cutoff of 0.25 µm
means that these quasi-ultraﬁne particles are not measured. However,
these particles contains negligible mass compared with their larger
Table 3. Characteristics and number of trips of the routes covered by different travel modes
Mode of travel Route length (km) Average time±SD (min) Total time for collected data in minutes (number of trips)
Morning peak Off-peak Evening peak Total trips
Bus 13.84 50.2±6.6 478 (10) 484 (10) 544 (10) 1506 (30)
Car 5.3 17.0±2.2 245 (15) 350 (21) 287 (16) 882 (52)
Cycle 5.3 17.5±2.1 170 (10) 177 (10) 178 (10) 525 (30)
Walk 5.3 79.9±20.4 813 (10) 858 (10) 725 (10) 2396 (30)
SD standard deviation
Fig. 6 Description of routes followed by the bus and CCW (car, cycle and walk) modes. The background map is drawn over the image taken
from Map data ©2017 Google
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counterparts and hence have a modest effect on measured mass
concentrations.6 The sensitivity of the instrument was 1 µgm−3 and
reproducibility were within ±2%. Ambient air was drawn continuously at a
ﬂow rate of 1.2 L min–1 into the OPC and size-resolved PM concentrations
were recorded every 6 s. The instrument was calibrated by the
manufacturer prior to the deployment in ﬁeld work. Following our
previously used approach,57 we also carried out on-site calibration by
weighing the polytetraﬂuoroethylene ﬁlters used at the back of the
instrument and compared it with the data of PM mass monitored by the
instrument. The instruments were kept inside an open shoulder bag while
walking and cycling, at the passenger front seat while commuting by car,
and at the centre row when commuting by bus. Meteorological data were
retrieved from a nearby Heathrow airport station.58 The average wind
speed, ambient temperature and relative humidity (±standard deviation)
were 10 ± 4 km h−1, 13 ± 5 °C and 62 ± 8%, respectively.
Data collection and analysis
Measurements were made during February to April 2015. Real-time
exposure concentrations for PM1, PM2.5 and PM10 were measured for four
TMEs (bus and CCW modes) during MP, OP and EP. A total of 142 round
trips were made; of which 30 trips were carried out by bus, 52 by car, 30 by
cycle and 30 by walk (Table 3). The details on the number of trips and
sampling dates for the different TMEs are given in SI Table S1. The typical
average speed varied by mode. The total time invested in air monitoring
was 88 h and 29min (Table 3).
Respiratory lung deposition doses
RDD were estimated for each PM fraction according to the approach used
in our earlier work.37,59 The RDD largely depend on the shape, size, mass
and density of the particles60 and are estimated based on the International
Commission on Radiological Protection61:
RDDof PM fractions; ið Þ ¼ VT ´ fð Þ ´DFi ´ PMi (1)
μg s1
  ¼ cm3 breath1 ´breaths s1  ´ ½  ´ μg cm3  (2)
where VT is the tidal volume of human subjects. This was taken as 750
(460), 1920 (1360) and 1250 (990) cm3 per breath and during sitting
condition (for bus and car), heavy (for cycle) and light (for walk) exercises,
respectively, for adult males (females, shown by values within the
brackets).22 The variable f represents typical breathing frequency, which
is taken as 0.43 (0.55), 0.33 (0.35) and 0.20 (0.23) breaths per second during
heavy exercise, light exercise and sitting, respectively, for males
(females).22 DFi are estimated using mass median diameter (dp) of PM
for each size bin.22 The dp represents optical diameter that would be
different to aerodynamic diameter,62 especially for coarse particles that
contains irregular shapes and varying density.63 For example, Chien et al.62
conﬁrms that the optical diameter is affected by refractive index and
morphology and hence the relationships between optical and aerody-
namic diameters could be different for pure substances such as salt or oleic
acid particles than those for the complex mixture of particles measured
here. This difference will add uncertainty into the calculated DFs, from
modest to more than a factor of two in equivalent aerodynamic diameter
and deposition fraction for some TMEs, as demonstrated in Supplementary
Information (SI) Figure S1. We have not made conversion to ensure that
our estimates are comparable with published studies, using optical
diameter during mobile personal exposure measurements. Since we were
required to make numerous assumptions due to lack of speciﬁc
information, we have not considered the hygroscopic properties64 of the
particles for estimating the lung DFs. For the calculation of the dp we
calculated the mass concentrations of each size bin and, afterwards, we
plotted the percentage of cumulative mass concentration to each size bin
(i.e., the addition of the mass concentration of the corresponding size bin
and the mass concentration of all bins of smaller sizes). The DF is
calculated according to the following equation:
DF¼ IF 0:058þ 0:911
1þexp 4:77þ1:485 ln dpð Þ

þ 0:943
1þexp 0:5082:58 ln dpð Þ
 (3)
SI Figure S2 shows the approach used to calculate dp for PM10, PM2.5 and
PM1. IF is the inhalable fraction:
IF ¼ 1 0:5 1 1
1þ 0:00076d2:8p
 !
(4)
The resulting product of various parameters in Eq. (1), including the VT, f
and DF with PM2.5-10 or PM2.5 mass concentrations represents the mass-
speciﬁc RDD due to coarse and ﬁne particles, respectively. We have chosen
to estimate RDD as mass per unit time (µg s−1) for comparison purposes
across different microenvironments on a time basis. It also allows to
calculate total mass deposited in each microenvironment by multiplying
RDD by time spent in a TME.
Data availability
The data sets used in this study are available upon request from the
corresponding author.
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